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Plants species diverge with regard to the time and
place where they make flowers. Flowers can develop
from apical meristems, lateral meristems, or both,
resulting in three major inflorescence types known
as racemes, cymes, and panicles, respectively. The
mechanisms that determine a racemose architecture
have been uncovered in Arabidopsis and Antirrhi-
num. To understand how cymes are specified, we
studied mutations that alter the petunia inflores-
cence. Here we show that EVERGREEN (EVG) en-
codes a WOX homeodomain protein, which is exclu-
sively expressed in incipient lateral inflorescence
meristems (IMs), promoting their separation from
the apical floral meristem (FM). This is essential for
activation of DOUBLE TOP and specification of floral
identity. Mutations that change the cymose petunia
inflorescence into a solitary flower fully suppress
the evg phenotype. Our data suggest a key role for
EVG in the diversification of inflorescence architec-
tures and reveal an unanticipated link between the
proliferation and identity of meristems.
INTRODUCTION
Higher plants display an amazing variety in size and architecture
of their body plan. This is most dramatically seen when the plant
switches to flowering. Flowers may form as a solitary structure at
the end of a branch or in clusters (inflorescences) with a variety of
different patterns. It was postulated early on that the diverse
plant architectures evolved by alterations in a few master genes
with a regulatory function (Coen and Nugent, 1994; Doebley and
Lukens, 1998), but experimental data that support this idea
remain scarce.
The aerial plant body is generated after germination by the
shoot apical meristem (SAM), a group of stems cells in the shoot
apex. During vegetative growth, the SAMgives rise to leaves and
stem tissue. Upon the transition to flowering, the SAM converts
into an inflorescence meristem (IM) that can develop in different
ways, depending on the species, to form inflorescences with dif-
ferent architectures. In species like Arabidopsis and Antirrhinum,
the apical meristem is indeterminate (i.e., it grows indefinitely)
and generates at its periphery lateral meristems in a spiral pat-Developmetern that terminate development by forming a flower, which re-
sults in a racemose inflorescence architecture. In species with
a determinate IM, the apical meristem terminates development
by forming a flower. The feature that distinguishes species form-
ing solitary flowers, such as tulips and poppies, from species
forming a cymose inflorescence, like petunia and tomato, is
that the latter forms a lateral IM at the periphery of the flower.
This lateral IM will repeat this pattern to form the next metamer,
which again consists of a terminal flower and a lateral IM.
Theoretical modeling suggested that the divergence of these
distinct inflorescence architectures may be explained by alter-
ations in the spatio-temporal expression patterns of genes that
determine the floral or ‘‘vegetative’’ (i.e., nonfloral) identity of
meristems (Prusinkiewicz et al., 2007). Although several key
genes determining the architecture of the racemose Arabidopsis
and Antirrhinum inflorescence have been identified, data on dis-
tinct inflorescence types is currently lacking and thus the validity
of this hypothesis is unclear. Therefore, we set out to identify
genes that determine the architecture of the cymose petunia in-
florescence. Because the variation in inflorescence architectures
arises from differences in the positioning and identity of meri-
stems in the inflorescence apex, we focused onmutants in which
these processes are altered.
In petunia, the floral identity of the apical meristem is specified
by ABERRANT LEAF AND FLOWER (ALF), which is the homolog
of LEAFY (LFY) in Arabidopsis (Souer et al., 1998), and DOUBLE
TOP (DOT), the homolog of UNUSUAL FLORAL ORGANS (UFO)
(Souer et al., 2008). DOT encodes an F-box protein that physi-
cally and genetically interacts with ALF and is required for tran-
scriptional activation of all known target genes of ALF. Because
ALF has a much wider spatio-temporal expression pattern than
DOT, the time and place where flowers are formed is largely de-
termined by the transcriptional activation of DOT. For example,
ectopic expression ofDOT is sufficient to trigger premature flow-
ering and converts the cymose inflorescence into a solitary
flower, apparently because the lateral IM acquires floral identity
precociously, whereas ubiquitous expression of ALF has no ef-
fect on flowering or architecture. Although ALF and LFY as well
as DOT and UFO are functionally similar proteins, they acquired
widely divergent expression patterns, which seem to have been
a key factor in the evolution of the distinct Arabidopsis and
petunia inflorescence architectures (Souer et al., 2008). How
the expression patterns of these meristem identity genes are
determined in their cognate hosts, how they diverged during
evolution, and to what extent that contributed to the evolution
of distinct architectures is unknown.ntal Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc. 437
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Role of EVERGREEN in the Development of CymesFigure 1. Characterization of evg Mutants
(A–C) Phenotype and schematic representation of wild-type (A), alf (B) and evgB3292 (C) inflorescences. Note the revertant flower on evgB3292. The bottom panels
show the architectures of the inflorescences and schematic representations thereof, depicting flowers as red circles, IMs as blue triangles, and bracts as green
ovals. Organs that were removed are indicated in red. The white arrow in (C) indicates the transition to flowering.
(D–F) Scanning electronmicrographs of wild-type (D), alf (E), and evgB3292 (F) inflorescence apices showing overproliferation of bracts (br) andmeristems (IM) in alf
and evg and absence of floral meristems (FM) forming sepals (s), petals (p), stamens (st), or carpels (ca).
(G) PCR analysis of the region surrounding dTPH1 in the mutable evgB3292 (m) and four independent germinal excision alleles (R1–R4).
(H) Structure of EVG and mutant allele showing exons (rectangles), introns (thick line), and the dTPH1 insertion in evgB3292 (triangle). Regions encoding the
conserved N-terminal (N0), C-terminal (C0), and homeodomain (HD) are indicated in orange; numbers indicate their position in the protein sequence.
(I) Sequences of wild-type progenitor, evgB3292, derived revertant (EVGR1-EVGR5) and stable recessive alleles (evgD2299). The target site duplication (TSD) is
shown in red. Nucleotides that were deleted or inserted after dTPH1 excision are indicated by dashes and italics, respectively.
(J) Phylogenetic tree of the homeodomains from SOE, EVG,WOX proteins from Arabidopsis and homologs from rice (Os), Antirrhinum (Am), and tomato (Sl). Blue
numbers indicate percentage bootstrap support for each branch (1000 replicates).
f1-f5, subsequent flowers; ax, axillary meristem; br, bract. Scale bars: 100 mm.A distinguishing feature of cymose inflorescences concerns
the initiation and development of the IM by which growth of the
inflorescence continues after the apex terminates by forming
a flower. In petunia, two mutants are known, extrapetals (exp;
Souer et al., 1998) and hermit (her; R.C., E.K., and R.K., unpub-
lished data) in which the cymose inflorescence is transformed
into a solitary flower and similar mutations have been found in to-
mato. However, because molecular data on these genes have
not been reported, the genetic mechanism underlying the initia-
tion of this meristem and the specification of its identity remains
poorly understood.
Here we report the identification of a petunia gene, EVER-
GREEN (EVG), which is required for development of the lateral
inflorescence shoot, the activation of DOT, and specification of
floral identity in the apical FM.We show that EVG is a specialized
paralog of a widely conserved gene required for meristem main-
tenance and patterning of embryos that is now exclusively
expressed in lateral IMs. Because EVG is fully redundant in an
exp or her mutant background that generates solitary flowers,
and as an equivalent gene with a similar expression pattern is438 Developmental Cell 15, 437–447, September 16, 2008 ª2008 Ellacking in Arabidopsis, EVG is likely to be a key factor in the
evolution of inflorescences.
RESULTS
The evergreen (evg) Mutant Phenotype
The cymose petunia inflorescence consists of a virtually unlim-
ited number of flowers that are arranged on a zigzag-shaped
stemwith, at each node, a flower and two leaf-like organs named
bracts or prophylls, which bear in their axils a dormant vegetative
meristem (Figure 1A). During inflorescence development, the
apical inflorescence meristem (IM) generates primordia for two
bracts and, subsequently, bifurcates into two domes: the floral
meristem (FM), located at the apex, and the lateral IM that
emerges at the flank, which will form the next pair of bracts
and repeat the process. Some 2 weeks after the bracts were ini-
tiated, by the time that the apex has generated about 4 more
metamers, vegetative meristems arise in axils of the bracts and
remain dormant. Although flowers appear in an apical position
and growth continues from a lateral IM, the more vigoroussevier Inc.
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amore lateral position, resulting in a relatively weak zigzag shape
of the mature inflorescence (Figure 1A).
Mutations in meristem identity genes such as ALF and DOT
result in a nearly complete transformation of FMs into IMs, which
produce bracts and bifurcate again resulting in a bushy inflores-
cence that lacks flowers (Figure 1B) (Souer et al., 1998, 2008). In
a random transposon mutagenesis experiment using a petunia
line (W138) with a high number of frequently transposing
dTPH1 elements, we obtained one family (B3292) that segre-
gated for mutants with a bushy inflorescence that only occasion-
ally produced one or a few flowers (Figure 1C). This mutation
defined a locus that is genetically distinct from ALF and DOT,
which we named EVERGREEN (EVG).
evgmutants are indistinguishable fromwild-type plants during
the vegetative growth phase and switch to flowering at the same
time as wild-type, as inferred from the production of bracts in-
stead of leaves (Figure 1C). In contrast to alf, the inflorescence
stems in evg mutants often fail to bifurcate after the formation
of bracts and continue growth as a single stem that is often
thicker than normal and has a fasciated appearance (see arrows
1 and 2 in Figure 1C). After two to four nodes, the fused branches
separate (see arrow 3 in Figure 1C) and the scenario is repeated
in another branch (see arrow 4 in Figure 1C).
To determine the ontogeny of the aberrations in the evg inflo-
rescence, we observed dissected apices in a scanning electron
microscope (SEM). In wild type, the IM first forms two primordial
bracts and, subsequently, bifurcates into two domes (Figure 1D).
The most apical one, the FM, generates floral organ primordia
whereas the IM continues development by producing two bracts
and bifurcating again (Figure 1D). In alfmutants, the IM forms two
bracts and subsequently bifurcates as in awild type, yielding two
meristems that develop as IMs by producing two bracts and
bifurcating again (Figure 1E). In evgmutant inflorescences, how-
ever, many of the meristem domes are surrounded by four or
more bracts. This indicates that two or more incomplete bifurca-
tions have occurred without physical separation of the apical FM
and the lateral IM (Figure 1F), which explains the fasciation
observed in the inflorescences. Furthermore, none of the domes
in evg apices displays any floral features (Figure 1F), indicating
that the specification of floral identity is blocked at an early stage.
Taken together, these results indicate that EVG is required for
the proper bifurcation of the inflorescence apex and is involved in
the establishment of flower meristem identity.
Molecular Analysis of EVG
The evgB3292 allele displayed somatic and germinal instability,
which suggested that it was tagged by a dTPH1 transposon,
like most other W138-derived mutants (van Houwelingen et al.,
1998). Most evgB3292 mutants generated occasional single
flowers or sometimes a revertant branch with many flowers (Fig-
ure 1C). Most progeny from such flowers had a mutant (evg)
phenotype, but at low frequency (about 1%) we found revertants
with awild-type phenotype that proved in subsequent crosses to
be heterozygous for a (germinal) reversion allele (EVGR/B3292).
This suggests that the reversions in the somatic plant that gave
rise to the formation of a flower are not transmitted to progeny,
indicating that they occurred in the L1 or L3 tunica layer of the
meristem and not in the L2 layer fromwhich gametes are formed.DevelopmeTo isolate the EVG gene, we used transposon display, an
AFLP-based technique that visualizes dTPH1 flanking se-
quences (Maes et al., 1999). We identified a 445 bp fragment
that contained a dTPH1 insertion in 7 evgB3292/B3292 mutants
and 2 EVGR1/B3292 revertants, but not in 3 homozygous EVGR1/R1
revertants (see Figure S1 available online). To prove that the
isolated dTPH1 flanking sequences were part of EVG, we ana-
lyzed a collection of wild-type progenitors, independent rever-
tants, and closely related mutants from different families by
PCR. All evgmutants were homozygous for this dTPH1 insertion
(Figure 1G). However, homozygotes for different independent re-
version alleles (EVGR1 to EVGR5) lacked the dTPH1 insertion,
whereas EVGR/B2392 heterozygotes were heterozygous for the
dTPH1 insertion (Figure 1G).
Analysis of cDNA and genomic clones showed that EVG con-
sists of four exons and encodes a protein of 345 amino acids
(Figure 1H). The dTPH1 insertion in evgB3292 is located in themid-
dle of the second exon (Figure 1H) and disrupts the protein
coding sequence at codon 135. In the revertant alleles (EVGR1
to EVGR5), the excision of dTPH1 created a footprint of 3, 6, or
9 bp, restoring the reading frame and, apparently, the function
of EVG protein (Figure 1I). Homozygotes for an excision allele
(evgD2299) with an 8 bp footprint had a mutant phenotype similar
to evgB3292, except that the formation of revertant flowers was
dramatically reduced (Figure 1I), confirming that the occasional
flowers on evgB3292mutants result mostly from dTPH1 excisions
in somatic cells. Together, these data show that the identified
gene is EVG.
EVG contains a conserved homeodomain (Figure 1H) with high
similarity to a subfamily of homeodomain proteins from Arabi-
dopsis that includes WUSCHEL (WUS) (Laux et al., 1996) and
14 closely related WOX proteins (for WUSCHEL HOMEOBOX)
(Haecker et al., 2004) (Figure S1). EVG belongs to a subclade
of WOX proteins that includes WOX9/STIMPY (STIP), WOX8/
STIP-LIKE (STPL), WOX11, and WOX12 from Arabidopsis and
six homologs from rice (Figure 1J). These proteins share, besides
the homeodomain, a conserved C-terminal domain that is ab-
sent in other WOX proteins (Figures 1H and S1). In addition,
EVG, STIP, and STIPL share a conserved N-terminal domain
that is lacking in other WOX proteins. Furthermore, the EVG,
STPL, and STIP genes have a similar intron-exon architecture,
distinct from that of WOX11 and WOX12 (Figure S2). Together,
this indicates that EVG is evolutionary closely related to STIP
and STPL, even though they have different functions in petunia
and Arabidopsis development (see Discussion).
Expression Pattern of EVG Gene
To determine the EVG expression pattern in petunia, we used
in situ hybridization analysis. In young seedlings, no EVG
mRNA could be detected in the shoot apex (Figure 2A). After
the transition to flowering, EVG mRNA was seen in a zone of
about 150 cells within 1 hemisphere of the apical meristem (Fig-
ure 2B). Since EVGmRNAwas not detected in any later stages of
FM development or in any of the organ primordia (Figure 2C)
including the ovules (Figure 2D), it was hard to determine with
certainty whether the EVG expression zone corresponded to
the FM or the incipient lateral IM. Therefore, we compared the
expression of EVG to that of ALF, which is expressed in the
FM and bracts and later expands to all floral organ primordiantal Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc. 439
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Role of EVERGREEN in the Development of CymesFigure 2. In Situ Hybridization Patterns of EVG, ALF, and TER
(A–D) EVG expression in vegetative shoot apex (A), inflorescence apex (B), young flower (C), and ovary (D) of wild-type.
(E–F) ALF expression in wild-type (E) and alf inflorescence apex (F).
(G–H) EVG expression in alf (G) and dot inflorescence apex (H).
(I–J) evg inflorescence apices express ALF (I) and EVG (J).
(K) TER expression in dot inflorescence apex.
(L) TER is expressed in multiple zones in evg inflorescence apices.
Numbers indicate whorls in developing flowers. br, bract; lp, leaf primordium; ov, ovules, pl, placenta; IM, inflorescence meristem; FM, flower meristem; ‘‘FM,’’
homeotically transformed FM. Scale bars: 100 mm.(Figure 2E) (Souer et al., 1998). Because the expression patterns
of ALF and EVG show little or no overlap (Figure S3), we infer
that EVG expression domain lies within the IM and not in the
apical FM.
EVG and Meristem Identity
Given that evg, alf, and dotmutants all fail to specify flower mer-
istem identity, we asked whether these genes act in a regulatory
hierarchy and analyzed their expression patterns in mutant
inflorescences.
In alf inflorescences, we found expression of the mutant alf
mRNA in one hemisphere of the apical meristem, which we as-
sume to be the mutated FM (‘‘FM’’) (Figure 2F), suggesting that
the positional information distinguishing the IM and the ‘‘FM’’ is
still intact in alfmutants. EVG is expressed in alf and dotmutants
as abundant as in wild type and is restricted to one side of the
apex (Figures 2G and 2H). This region presumably represents
the authentic lateral IM, implying that EVG is not ectopically
activated in the mutated apical ‘‘FM.’’ Thus, EVG expression is
not altered in alf and dot mutant apices.
Next, we askedwhetherALF functions downstream from EVG.
In evg apices, ALFmRNA is expressed at similar levels as in wild440 Developmental Cell 15, 437–447, September 16, 2008 ª2008 Eltype (Figure 2I) but in an unusual expression pattern, as ALF
mRNA was detected in multiple domains within one inflores-
cence apex (Figure 2I). By in situ hybridization, we were able to
detect evgmRNA in stable evgD2299 mutants (Figure 2J) indicat-
ing that EVG is not required for its own transcription. Moreover,
evgmRNAwas observed inmultiple domains in one evg inflores-
cence apex, similar to ALFmRNA. Double label in situ hybridiza-
tion experiments showed that the evg and ALF domains have
little or no overlap in evg inflorescence apices (Figure S4), similar
to what was observed in wild-type.
To find out whether these evgmeristem domes represent mul-
tiple fused IMs and FMs or a single meristem with a mosaic IM
and FM identity, we analyzed the expression of TERMINATOR
(TER). TER, like its Arabidopsis ortholog WUS, is expressed in
the center of the vegetative meristems and young flowers to pro-
mote meristem maintenance (Ferrario et al., 2006; Stuurman
et al., 2002). Wild-type inflorescence apices express TER
mRNA in the FM but not (yet) in the emerging IM at the time
that it expresses EVG (Figure S5). If floral identity is blocked,
as in dot mutants, TER expression is not altered and only one
TER expression domain is seen in each meristem dome (Figures
2K and S4). However, in many evg inflorescence meristemsevier Inc.
Developmental Cell
Role of EVERGREEN in the Development of Cymesdomes, TER is expressed inmultiple domains (Figure 2L) that are
distinct from the EVG expression zones (Figure S4).
These findings indicate that in evg, multiple meristems are
fused in one inflorescence apex, which correlates with a 2- to
3-fold increase in the diameter of evg inflorescence domes com-
pared to alf or dot inflorescences (compare Figures 2G and 2H
to 2I and 2J). This fasciation in evg mutants suggests that the
proliferation of the lateral IM is reduced.
DOT Acts Downstream from EVG
In wild-type inflorescences, DOT is expressed in a small region
within the apical FM and, during further development, enlarges
to a ring of cells between the emerging sepal and petal primordia
in whorls 1 and 2 of the flower (Figure 3A) (Souer et al., 2008). In-
terestingly, we could not detectDOTmRNA in evg inflorescences
by in situ hybridization (Figure 3B). Because DOT mRNA in the
wild-type FM is low abundant and hard to detect (Figure 3A), it
was uncertain if the absence ofDOT signal in evg apices is indeed
due to lack ofDOT transcripts or failure to detect them. Therefore,
we used amore sensitive RT-PCR assay.We compared theDOT
mRNA levels between inflorescence apices of alf, dot, and evg
single, double, and triple mutants, rather than to wild type, as
these have a nearly identical anatomy, which enables a straight-
forward interpretation of RT-PCR data (Figure 3C). Consistent
with the in situ hybridization results, alfmRNA was decreased in
all alf single, double, and triple mutants, possibly due to reduced
stability of the alfmRNA (Figure 3C). DOTmRNA was expressed
at similar levels in alf, dot, and alf dot but was strongly reduced in
all mutants containing evg (Figure 3C). We used cDNA-AFLP
(Bachem et al., 1996) to compare the abundance of another
>8000 mRNA fragments in the same preparations and found no
differences (Souer et al., 2008). Although these results do not
rule out downregulation of DOT in alf and dot relative to wild
type, they do confirm that DOT mRNA is reduced in evg, which
is by itself sufficient to explain the loss of flowers in evgmutants.
In order to test whether the downregulation of DOT is the only
reason why evg mutants fail to form flowers, we introduced
a DOT transgene driven by the constitutive 35S promoter
(35S:DOT) in stable evgD2299/D2299 mutants or, as a control, the
empty vector. As expected, transformants containing the empty
vector displayed the evg phenotype and no flowers were seen at
all (Figure 3D). However, the 35S:DOT transformants developed
at high frequency nearly perfect flowers (with all four floral or-
gans) (Figure 3E). Instead of a cymose inflorescence, 35S:DOT
evg mutants produced solitary flowers, which was no surprise
as wild-type plants expressing 35S:DOT also generate solitary
flowers (Souer et al., 2008). Together, these results show that
the loss of FM identity in evgmutants is due to failure to activate
DOT expression.
EVG and Cymose Growth
BecauseDOT expression overlaps withALFwhile EVG does not,
this suggested that EVG and DOT are expressed in spatially
separated domains. We confirmed this by double-label in situ
hybridizations and found that EVG and DOT expression are
also separated in time (Figure 4). That is, in apical inflorescence
domes that express EVG, we could not detect DOT mRNA and
vice versa. This implies that EVG promotes DOT expression
indirectly.DevelopmeTo attempt to separate the roles of EVG in lateral IM prolifera-
tionandapical FM identity,wegenerateddoublemutantswithex-
trapetals (exp), which compromises development of the lateral IM
(Souer et al., 1998). In exp, the cymose inflorescence is reduced
to a solitary flower (Figure 5C) and alf exp double mutants gener-
ate an unbranched stem bearing bract- or sepal-like-organs and
lack normal flowers (Souer et al., 1998). Surprisingly, exp evg
mutants generated solitary flowers and were undistinguishable
from exp single mutants (Figure 5D), indicating that exp fully
Figure 3. Loss of Flowers in evg Is Due to Downregulation of DOT
(A–B) Expression of DOT in wild-type (A) and evg inflorescence (B).
(C) RT-PCR analysis of inflorescence apices of different genotypes.
(D–E) evgmutants in transformable genetic background containing empty vec-
tor (D) or 35S:DOT (E).
Numbers indicate whorls in the developing flower; br, bract; IM, inflorescence
meristem; FM, floral meristem. Scale bars: 100 mm.ntal Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc. 441
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Role of EVERGREEN in the Development of CymesFigure 4. Expression of EVG and DOT Does Not Overlap
Double label in situ hybridizations visualizing EVG (red signal) andDOTmRNA (dark brown/purple signal) in four distinct sections, separated by 8 mm, through two
distinct apices are shown. The emerging lateral IM in apex 1 expresses EVG but not (yet)DOTmRNA. In apex 2, the last emerged lateral meristem expressesDOT,
but no EVGmRNA. The inset diagramdepicts a top view of the Plane and position (black line) of the section on the inflorescence. The red parts indicate the FMand
older flower (f1) and the blue circle represents the IM. f1, flower 1; IM, inflorescence meristem; FM, floral meristem. Scale bars: 100 mm.suppressed the effect of evg on floral meristem identity and DOT
expression. To test whether this effect is specific for exp, we
examined another solitary flower mutant, hermit (her) (R.C., E.
K., and R.K., unpublished data) and found that evg her double
mutants generated solitary flowers, just like single her mutants
(Figures 5E and 5F). Thus, EVG is, unlike ALF, not required for
floral identity in a solitary flower genetic background (exp or her).
Unrelated petunia lines display a large variation in stature (not
architecture) and for some genes strength of amutant phenotype
(Maes et al., 1999; Souer, 1997). In F2 progeny of evgD2299 in the
W138 background and the unrelated wild-type (EVG+) lineW115,
we observed that evgD2299/D2299 homozygotes displayed either
the ‘‘classical W138 phenotype’’ described above (i.e., full inhibi-
tion of floral identity and fasciation due to reduced outgrowth of
the lateral IM), a solitary flower (i.e., full inhibition of the lateral in-
florescence shoot and normal floral identity) (Figures 5G and 5H),
or intermediate phenotypes (i.e., a strongly fasciated inflores-
cence with irregularly appearing malformed flowers containing
supernumerary floral organs). When we crossed evg mutants
that produced solitary flowers to evg in the W138 background,
about 50% of the resulting evg homozygotes again had solitary
flowers and 50% displayed the ‘‘classical’’ W138 phenotype.
As the defect in lateral IM development is common to evg
mutants in all backgrounds, this is most likely a direct effect of
the mutation, whereas the defect in specification of FM-identity
is likely to be an indirect effect, as this can be fully suppressed
by exp, her and unknown factors in the W115 background.442 Developmental Cell 15, 437–447, September 16, 2008 ª2008 ElAnalysis of an EVG Paralog
The inflorescence of Arabidopsis and rice are a raceme and pan-
icle, respectively, and lack the cymose branching pattern typical
for petunia. Nevertheless, they do contain respectively two and
three apparent EVG homologs (Figure 1J). The Arabidopsis pro-
teins WOX9/STIMPY (STIP) and to a lesser extent WOX8/STIP-
LIKE (STPL) are most closely related to EVG (Figures 1J, S1,
and S2), but exhibit a completely different expression pattern
and mutant phenotype (Breuninger et al., 2008; Haecker et al.,
2004;Wuet al., 2005, 2007).STIP is expressed in virtually all mer-
istems and organ primordia except the apical IM and promotes
cell division andmeristemgrowth in part by activatingWUSCHEL
(Wu et al., 2005). Expression of 35S:EVG in Arabidopsis resulted
in the formation of lobed leaves (Figure S6), similar to constitutive
expression of STIP (Wu et al., 2005), and in some primary trans-
formants the formation of ectopic meristems (Figure S6). When
introduced in petunia, 35S:STIP and 35S:EVG caused a similar
dwarfing phenotype (Figure S6). This indicates that functional
diversification of EVG and STIP relied on alterations in their
expression patterns rather than the encoded proteins.
As STIP and STPL are essential for viability and involved in
maintenance of cell proliferation andmeristem activity in virtually
all meristem, we asked how meristems other than the lateral IM
are maintained in evg mutants. DNA blot analysis showed that
petunia contains one and possibly two additional genes with
high similarity to EVG (Figure S7). By PCR, we isolated one of
these genes, SISTER OF EVERGREEN (SOE). SOE encodessevier Inc.
a 391 amino acid protein that has most similarity to EVG (56%),
STIP (40%), and STIPL (37%) and the three rice homologs and
shares with these proteins the homeodomain and the conserved
C- and N-terminal domains (Figures 1J and S1). Furthermore,
SOE has a similar intron-exon architecture as EVG, STIP, and
STPL (Figure S2). When expressed in petunia, 35S:SOE phe-
nocopied 35S:STIP and 35S:EVG, indicating that it encodes
a functionally similar protein (data not shown). Because similarity
is higher between homologs within one species than between
distinct species, it appears that the common ancestor of petunia,
rice, and Arabidopsis contained a single gene, which later dupli-
cated in the lineages that gave rise to these species. That EVG
and SOE originate by recent gene duplication is further sup-
ported by their similarity in the 30 UTRs (Figure S7). Together,
these results show that petunia has at least two EVG-like genes
and that EVG and SOE arose by a relatively recent duplication.
We determined the expression patterns ofSOEby in situ hybrid-
ization.SOE is expressed in thevegetativeapexbetween the shoot
apical meristem (SAM) and the leaf primordia (Figure 6A). During
flower development, SOEmRNA is not detectable in either the lat-
eral IMor theFM(Figure6B).At a laterstageof flowerdevelopment,
Figure 5. EVG Is Redundant in a Solitary
Flower Background
(A–F) Inflorescence phenotypes of wild-type (A),
evg (B), exp (C), exp evg (D), her (E), and her evg
(F) single and double mutants.
(G) Inflorescence of a W115 plant.
(H) Phenotype of evgD2299 homozygotes in the F2
progeny W138 (evgD2299/D2299) 3 W115 (EVG+/+)
displaying either the ‘‘classical’’ evg phenotype
(left) or a solitary flower (right).
ax, axillarymeristem;br,bract; f1-f2: flowers1and2.
SOE is expressed in the outermost cells of
the placenta where the ovules are formed
(Figure 6C). Notably, SOE mRNA is ex-
pressedat thebasal endof youngembryos
(Figure 6D), similar to STIP/WOX9 and
STPL/WOX8 (Haecker et al., 2004).
DISCUSSION
We report the identification of EVER-
GREEN (EVG) that controls the architec-
ture of the cymose petunia inflorescence.
EVG encodes a WOX protein that pro-
motes the proliferation of the lateral IM
anlagen and (indirectly) the specification
of flower meristem identity and expres-
sion ofDOT in the apical FM. Our findings
suggest that EVG played a prominent role
in the evolution of cymose inflorescence
architecture.
Role of EVG in Inflorescence
Meristem Development
evg mutants display two major defects:
(1) improper separation of apical and lat-
eral meristems (FMs and IMs) and (2) loss ofDOT expression and
consequently floral meristem identity. The following observa-
tions suggest that the primary role of EVG is to promote the pro-
liferation of the lateral IM and that the effect on the specification
of floral identity in the apical FM is an indirect secondary effect.
First, EVG is expressed in the lateral IM but not in the apical FM.
Second, the meristems in evg inflorescences are enlarged and
consist of a variable number of zones expressing ALF, evg,
and TER, sustaining the view that the apical FM and the lateral
IM fail to separate and grow fused. Third, EVG affects the out-
growth of the lateral IM in all genetic backgrounds, whereas
the effect on FM identity is suppressed by mutations (her, exp)
that compromise development of the lateral IM and generate
solitary flowers.
Given that EVG is expressed in the lateral IM and that an evg
mutation interferes with the outgrowth of the lateral IM and sep-
aration from the apical FM suggests that EVG may act by pro-
moting cell proliferation in the lateral IM. An alternative explana-
tion might be that EVG inhibits cell proliferation at the border of
the incipient IM and FM, where a cleavage is formed. However,
this explanation is more difficult to fit with the EVG expression
Developmental Cell
Role of EVERGREEN in the Development of CymesDevelopmental Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc. 443
Developmental Cell
Role of EVERGREEN in the Development of Cymespattern, the solitary flower phenotype of evg mutants in a W115
background or the formation of ectopic meristems in 35S:EVG
Arabidopsis plants. Moreover, a role of EVG as a promoter of
cell proliferation and meristem activity is easier to reconcile
with the function of related WOX genes in Arabidopsis, including
the close homologs STIP and STPL (Wu et al., 2005, 2007), as
well as WUS (Laux et al., 1996), PRESSED FLOWER (PRS)/
WOX3 (Matsumoto and Okada, 2001), PRETTY FEW SEEDS2
(PFS2)/WOX6 (Park et al., 2005), and WOX5 (Sarkar et al.,
2007), which are all involved in promoting cell proliferation at
distinct sites.
STPL and STIP are expressed in specific domains in the 8 cell
stage embryo, suggesting that they play an important role during
embryogenesis (Haecker et al., 2004). This is supported by the
observation that stip stpl double mutants are embryo lethal
(Breuninger et al., 2008; Wu et al., 2007). Furthermore, STIP
and STPL are redundantly required to maintain cell division in
the shoot and root meristem (Wu et al., 2007), possibly by pro-
moting expression of WUS and WOX5 (Breuninger et al., 2008;
Wu et al., 2005), which are required to maintain stem cells and
prevent differentiation in the shoot and root meristem (Laux
et al., 1996; Sarkar et al., 2007). However, because stip stpl
embryos also display defects in auxin distribution, other mecha-
nisms cannot be excluded (Breuninger et al., 2008).
Our data suggest that EVG does not promote IM proliferation
via activation of the WUS-ortholog TER. During development of
the inflorescence, the expression patterns of EVG and TER ap-
pear to be widely separated in time, and coexpression of both
genes was never observed. In early developmental stages, the
Figure 6. Characterization of SOE
In situ hybridization patterns of SOE mRNA in the
vegetative shoot apex (A), inflorescence apex
(B), ovary (C), and young embryo (5–8 days after
pollination, 4–8 cell stage) (D).
Lp, leaf primordium; br, bract; IM, inflorescence
meristem, 1, flower whorl 1; op, ovule primordium;
pl, placenta; ep, embryo proper; s, suspensor.
Scale bar: 10 mm in (D) and 100 mm in (A–C).
lateral IM expresses EVG but not TER,
whereas at a later stage, when EVG
expression has long ceased and the mer-
istem acquired floral identity, TER is
expressed. Although this places EVG
formally upstream from TER, it seems un-
likely that EVG promotes lateral IM prolif-
eration by inducing TER, suggesting that
EVG act via a distinct pathway, which
might involve the regulation of auxin
distribution.
Role of EVG in the Specification
and Evolution of a Cymose
Inflorescence
Computer simulations suggested that
alterations in the expression of meristem
identity genes may have been a key fac-
tor in the divergence of inflorescence
architectures (Prusinkiewicz et al., 2007). Comparison of orthol-
ogous floral meristem identity genes provided experimental
support for this idea and revealed that the differences in their
expression patterns and genetic regulation were even larger
than expected (Souer et al., 2008).
In the racemose Arabidopsis and Antirrhinum inflorescences,
the expression of LFY and its homolog FLORICAULA is confined
to lateral meristems and expression of LFY and FLO in the apical
IM is prevented by the orthologs TERMINAL FLOWER1 and
CENTRORADIALIS (Bradley et al., 1996, 1997). The specification
of floral meristem identity in cymes is more complex, as it re-
quires that floral identity is initially repressed in the lateral IM to
enable the formation of a secondary lateral IM before it acquires
floral identity and looses its indeterminacy. This implies a tight
regulation of both the spatial and temporal expression of genes
that determine IM or FM identity.
In petunia, the identity of FMs is specified by ALF and DOT.
Since ubiquitous expression of ALF does not alter inflorescence
architecture, its expression need not be repressed in the lateral
IM to generate a cyme. However, ubiquitous expression of
DOT converts the cymose inflorescence into a solitary flower,
which is thought to result from precocious specification of floral
identity in the incipient lateral IM (Souer et al., 2008), indicating
that the FM-identity factor that needs to be (transiently)
repressed in the lateral IM is DOT.
Our data on evg provide insight into the mechanism that
controls DOT expression and show that this involves an unantic-
ipated cross-talk between the cell populations in the apical
inflorescence dome that will form the FM and the IM. A model444 Developmental Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc.
Developmental Cell
Role of EVERGREEN in the Development of Cymesfor the regulation of DOT expression needs to account for two
apparently paradoxal observations. First, expression of DOT in
the apical FM is fully dependent on expression of EVG in the lat-
eral IM. Second, mutations that disrupt the initiation or identity of
the lateral IM fully suppress this EVG-dependency of DOT.
To explain these observations, we postulate that the IM pro-
duces early in development an IM-identity signal (indicated as
‘‘X’’ in Figure 7) that negatively regulates DOT expression. If
the action of X is not cell autonomous, X would also inhibit
DOT expression in the cells that will form apical FM as long as
they did not separate from the emerging lateral IM (Figure 7).
Because EVG promotes the proliferation of the lateral IM and,
thereby, its physical separation from the FM, this provides a
simple explanation for how EVG may lift the inhibitory effect of
X on the expression of DOT. This would imply that the absence
of flowers in evg mutants in the W138 background is an indirect
effect resulting from the fusion of FMs and IMs and the contin-
ued inhibition of DOT expression in both the FM and IM zones.
An alternative explanation might be that EVG represses the
expression of X in a cell-autonomous way. This would imply
that the activation of EVG in the IM anlagen inhibits the expres-
sion of X with a delay of some 1 or 2 days, during which time the
Figure 7. Model Explaining the Phenotype
of evg in Distinct Backgrounds
During development, FM identity (indicated in red)
is specified by ALF and DOT. Initiation and identity
of the lateral IM (blue zone) is controlled by EXP
and HER. The model assumes that an unknown
mobile factor, designated ‘‘X,’’ synthesized in the
lateral IM (anlagen) inhibits DOT expression in
the lateral IM and in the neighboring FM and
thereby specification of floral identity. EVG dis-
rupts the inhibitory effect of X on DOT expression
in the FM, possibly indirectly by promoting prolif-
eration of the lateral IM and separation from the
apical FM. In exp and her mutants, development
of the lateral IM is compromised and X is not
made; hence EVG is no longer required for DOT
expression.
IM generates a secondary IM) in repres-
sion of X to establish floral identity.
The hypothetical mobile factors that in-
hibit (‘‘X’’) or promote FM identity are not
known. To account for non-cell-autono-
mous effects, X need not be a classical
signaling molecule but could be a tran-
scription factor, as several transcription
factors, including LFY, the maize homeo-
domain protein KNOTTED1, and the An-
tirrhinumMADS-box protein DEFICIENS,
are known to move between cells over
short distances (Kim et al., 2002; Lucas
et al., 1995; Perbal et al., 1996; Sessions
et al., 2000; Wu et al., 2003). Given that
exp and her mutants produce, like
35S:DOT, solitary flowers, it is possible
that EXP or HER encode X or (indirectly)
promote the synthesis of X. In either
way, mutation of EXP or HER would be expected to abolish
the expression of X and fully suppress the requirement of EVG
for expression of DOT and the formation of flowers (Figure 7).
The finding that in a mixed W115/W138 genetic background,
evg mutants display a solitary flower phenotype corroborates
the view that EVG promotes FM identity indirectly. The simplest
explanation is that the evg phenotype gets stronger in this back-
ground, becoming essentially similar to the exp and her pheno-
type, and resulting in a (nearly) complete block of lateral IM
development and formation of ‘‘X’’ (Figure 7).
EVG and its paralogSOE apparently arose by gene duplication
from an ancestral gene that is widely conserved in higher plants.
The expression pattern of SOE differs completely from that of
EVG, indicating that during the vegetative and reproductive
phase, these genes are not redundant. In fact, the expression
pattern of SOE is more similar to that of STIP and STPL than
that of EVG. This suggests that SOEmaintained (part of) the an-
cestral function, while EVG acquired a new function in cymose
inflorescence development by alteration of its expression pat-
tern, presumably via changes in cis regulatory elements.
Importantly, EVG is not only essential but also specific for
a cyme. In mutant backgrounds (exp or her) and presumablyDevelopmental Cell 15, 437–447, September 16, 2008 ª2008 Elsevier Inc. 445
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dant. Because Arabidopsis lacks a true ortholog of EVG with
a similar expression pattern, the EVG pathway is not required
to form a raceme either. This indicates that the emergence of
EVG was an essential step in the evolution of the cymose archi-
tecture of petunia.
EXPERIMENTAL PROCEDURES
Genetic Material
The evgB3292 allele arose spontaneously among progeny of the petunia line
W138 (Koes et al., 1995; Spelt et al., 2000) and was maintained by inbreeding
in line W245, using the irregularly appearing revertant flowers. Revertants in
which dTPH1 had excised were identified among W245 progeny by their
wild-type phenotype. These revertants were all heterozygous for a germinal re-
version allele (EVGR1 to EVGR4) and the unstable evgB3292 allele. The reversion
alleles were made homozygous by three subsequent rounds of self-fertiliza-
tion. Additional excision alleles (evgD2299 and EVGR6) were identified among
121 progeny of evgB3292/B3292 and EVG+/B3292 plants by electrophoretic anal-
ysis of a 133 bp PCR fragment containing dTPH1 in evgB3292 on high resolution
6% polyacrylamide sequencing gels, as described (van Houwelingen et al.,
1999).
The mutants alfW2169 and expW2115 were isolated in the W138 background
and have been described in detail (Souer et al., 1998). Themutants hermitD2413
(R.C., E.K., and R.K., unpublished data) and double top (dot) (Souer et al.,
2008) arose spontaneously among W138 progeny by dTPH1 insertions and
will be described in detail elsewhere.
Segregation of expW2115, herD2413, dotA2232, alfW2167, and evgB3292wasmon-
itored by phenotype and by PCR, using primers flanking the dTPH1 insertions
in these alleles. Plants containing evgD2299 were identified with a PCR primer
specific for the footprint in this allele (CTTCTTCTTCGTCCTCAAATAGT) and
a normal EVG primer (GCTGAAGGAACAATGTAATCCATC). EVG+/D2299 het-
erozygotes and evgD2299/D2299 homozygotes were distinguished by direct se-
quencing of PCR products obtained with primers flanking the footprint.
ALF+/W2167, DOT+/A2232, and evgB3292/B3292mutants were crossed to gener-
ate triple heterozygotes, and progeny obtained by self-fertilization were
screened by phenotype and PCR to select double and triple mutants.
To generate evg exp and evg her double mutants, we crossed EVG+/D2299
plants with either expW2115/W2115 or herD2413/D2413 mutants. The F1 progenies
were genotyped by PCR and double heterozygotes were self-fertilized. The
F2 progenies segregated individuals with a wild-type, evg and exp, or her
phenotype, but no new (double mutant) phenotype was seen. Subsequent
genotyping by PCR revealed that the evg exp and evg her double mutants
were in the same phenotypic class as the exp and her single mutants.
Isolation of EVG and SOE
To identify the flanking sequences of the dTPH1 insertion in evgB3292, we used
transposon display essentially as described (Toben˜a-Santamaria et al., 2002).
A 450 bp candidate EVG fragment was isolated from the display gel, reampli-
fied by PCR, cloned, and sequenced. The flanking sequence on the other side
of this dTPH1 insertion was obtained by somatic insertion-mediated PCR
(SOTI-PCR). SOTI-PCR exploits the somatic dTPH1 insertions in the DNA
from unrelated W138 plants to amplify genomic fragments with one gene-
specific and a dTPH1-specific primer (Koes et al., 1995). An EVG cDNA
containing the full coding sequence was isolated by screening of a W138 inflo-
rescence cDNA library. The corresponding genomic EVG region was amplified
by PCR with primers complementary to the 50 and 30 untranslated cDNA
region.
PCR amplification of W138 genomic DNA with a primer complementary to
the translation start (GCGAATTCGCATCATCAAATAGACATTGGCCT) and
exon 2 (GGTTTACTGAAGCAGTAGGAG) of EVG produced two distinct prod-
ucts that derived from EVG and a closely related gene that we named SISTER
OF EVERGREEN (SOE). The full lengthSOE cDNAwas isolated by nested PCR
on a W138 inflorescence cDNA library with vector primers and gene-specific
primers. The corresponding genomic sequence was obtained by PCR with
primers complementary to the 50 and 30 UTRs.446 Developmental Cell 15, 437–447, September 16, 2008 ª2008 EPhylogenetic Analyses
Multiple sequence alignments were produced with a web-based version of
ClustalW (http://crick.genes.nig.ac.jp/homology/clustalw-e.shtml) using de-
fault settings. The phylogenetic tree was calculated using the neighbor-joining
method and bootstrap analysis (1000 replicates) using PHYLIP via the same
website and visualized with Treeviewer version 1.6.6 (http://taxonomy.
zoology.gla.ac.uk/rod/rod.html). The tree was calculated from an alignment
of the homeodomain. Trees based on the full proteins had essentially the
same structure.
RNA Analysis
PolyA+ RNA from the top 2–3 mm of alf, dot, and evg single, double, and triple
mutant inflorescence apices was obtained using the TRIzol reagent (Invitro-
gen) and a polyATract mRNA system III (Promega) according to the manufac-
turer’s instructions, converted to first-strand cDNA with Superscript reverse
transcriptase (Invitrogen), and made double stranded with RNase H and
DNA polymerase I (Promega). mRNA abundance was measured by RT-PCR
as described (Quattrocchio et al., 2006), using two gene-specific primers
(Table S1) and a reduced number of amplification cycles.
Expression levels of 35S:EVG, 35S:WOX9, and 35S:SOEwere measured by
RT-PCR on first-strand cDNA as described (Quattrocchio et al., 2006) using
specific primers (Table S1).
Microscopy
In situ hybridization analysis and scanning electron microscopy was per-
formed as described (Souer et al., 1996). Antisense digoxigenin-labeled RNA
probes were synthesized from full-length cDNA clones by in vitro transcription
using T7 polymerase and digoxigenin-11-UTP as recommended (Roche). The
RNA probes were partially hydrolyzed for 50–60 min in 60 mM Na2CO3 and
40 mM NaHCO3 to an average length of 100–150 bp prior to hybridization.
Digoxigenin-labeled probes were detected as described (Souer et al., 1996)
using the Western Blue stabilized AP substrate (Promega), which produces
a brownish precipitate.
For double label in situ hybridization, a fluorescein-labeled EVG probe was
synthesized with T7 RNA polymerase using a fluorescein labeling kit (Roche).
Fluorescein and digoxigenin-labeled probes were hybridized simultaneously.
The fluorescein-labeled EVG probe was detected by anti-fluorescein-anti-
bodies linked to alkaline phosphatase (AP) and staining for 16 hr using Fast
Red tablets as recommended by the supplier (Roche), resulting in a red precip-
itate. After photography, the slideswere incubated for 2 hr in 23SSC at 65C to
inactivate the alkaline phosphatase, and the digoxigenin-labeled probe was
detected (Souer et al., 1996) using a BM purple NBT/BCIP substrate for the
color reaction (Roche), which produces purplish precipitate. For removal of
fluorescein signal, slides were washed in 70% ethanol for 10 min; this turns
the purple digoxigenin-signal blue.
Gene Constructs and Plant Transformation
The 35S:DOT construct was described by Souer et al. (2008) and was intro-
duced in an F2 progeny of the petunia lines W115 (EVG+/+) and W264
(evgD2299) having the W138 typical phenotype by Agrobacterium-mediated
leaf disc transformation (Spelt et al., 2000).
ACCESSION NUMBERS
Genbank accession numbers: EVG (EF187281), SOE (EF187282), WUS
(CAA09986), WOX1 (AAP37133), WOX2 (AAP37131), WOX3/PRS
(AAP37135), WOX4 (AAP37134), WOX5 (AAP37136), WOX6/PFS
(AAP37137), WOX8/STPL (AAP37138), WOX9/STIP (AAP37139), WOX11
(AAP37140), WOX12 (AAP37141), WOX13 (AAP37142), PhTER (AAM90847),
AmWUS (AAO23113), SlWUS (CAD61961), OsWUS (CAJ84138).
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